Rationale Positive allosteric modulators (PAMs) of type 5 metabotropic glutamate receptors (mGluR5) exert procognitive effects in animal models of various neuropsychiatric diseases. However, few studies to date have examined ability of mGluR5 PAMs to reverse cognitive deficits in operant delayed matching/non-matching-to-sample (DMS/DNMS) tasks. Objectives This study aims to determine the ability of the mGluR5 PAM 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) to reverse set-shifting deficits induced by the N-methyl-D-aspartate (NMDA) receptor antagonist MK-801. Methods Male Sprague-Dawley rats were initially trained to lever press for sucrose reinforcement under either DMS or DNMS conditions. Following successful acquisition of the task, reinforcement conditions were reversed (DNMS→DMS or DMS→DNMS). In Experiment 1, rats were treated daily prior to each session with vehicle/vehicle, vehicle/MK-801 (0.06 mg/kg) simultaneously, CDPPB (20 mg/kg)/MK-801 simultaneously, or CDPPB 30 min prior to MK-801. In Experiment 2, rats were treated with either vehicle/vehicle, vehicle/MK-801, or CDPPB 30 min prior to MK-801 only prior to sessions that followed task reversal. Results In Experiment 1, no group differences in initial task acquisition were observed. Rats treated with vehicle/MK-801 showed significant set-shifting impairments following task reversal, which were partially attenuated by simultaneous administration of CDPPB/MK-801 and completely precluded by administration of CDPPB 30 min prior to MK-801. In Experiment 2, MK-801 did not impair reversal learning, and no other group differences were observed. Conclusions MK-801-induced deficits in operant set-shifting ability were prevented by pretreatment with CDPPB. MK-801 did not produce deficits in task learning when treatment was initiated following task reversal.
Introduction
Cognitive impairment is a core feature of many chronic illnesses such as schizophrenia, Huntington's disease, Alzheimer's disease, and drug addiction. Cognitive impairments can affect working memory, reference memory, attention, cognitive flexibility, and various other aspects of executive functioning (Green et al. 2004; Silver et al. 2003) . Secondary effects of cognitive impairments can affect a patient's ability to maintain relationships, employment, or appropriate daily hygiene practices and often result in cognitive and behavioral perseveration. Although such impairments and perseveration occur across a range of neuropsychiatric diseases, the focus of the present study was to examine this phenomenon in the context of schizophrenia.
Schizophrenia affects approximately 1 % of the population and is typically diagnosed in males during their early twenties and in females during their later twenties. As a result, adequate treatment is necessary for the remainder of the affected individual's life, making schizophrenia one of the most burdensome and costly neuropsychiatric diseases (Rowley et al. 2001) . There are several hypotheses regarding the underlying pathophysiology of schizophrenia, one of which is hypofunctioning of the N-methyl-D-aspartate (NMDA) glutamate receptor subtype (Lin et al. 2012; Olney et al. 1999; Snyder and Gao 2013) . As a result, glutamate-based therapies are currently being explored for the treatment of schizophrenia (Snyder and Gao 2013; Krystal et al. 2010; Niswender and Conn 2010; Menniti et al. 2013) . Direct pharmacological targeting of the NMDA receptor via the orthosteric glutamate binding site is generally regarded as a nonviable approach since NMDA receptor agonists produce CNS hyperactivity, seizures, and excitotoxicity. An alternative to directly targeting the orthosteric glutamate binding site is to directly or indirectly target binding sites for obligatory endogenous coagonists such as glycine and D-serine. For example, inhibition of glycine transporters such as GlyT1 increases extracellular levels of glycine and thereby facilitates NMDA receptor activity (Vandenberg and Aubrey 2001) . Furthermore, various GlyT1 inhibitors have shown efficacy in improving cognitive impairments in schizophrenia (Javitt 2012) .
A third possible approach to increase NMDA receptor function is via activation of type 5 metabotropic glutamate receptors (mGluR5). Facilitation of mGluR5 activity indirectly increases NMDA receptor function through structural and biochemical coupling of these two receptor subtypes. mGluR5 and NMDA receptors are structurally linked via proteins such as postsynaptic density 95 (PSD-95), Shank, and the Homer family of proteins. Localization of these two receptors in close proximity facilitates their bidirectional coupling via signaling intermediates such as phospholipase C and intracellular calcium (Gerber et al. 2007; Hermans and Challiss 2001; Piers et al. 2012) , which increases NMDA receptor activity including increased probability of receptor channel opening (Menniti et al. 2013; Niswender and Conn 2010) . Currently, the most advantageous approach to increasing mGluR5 receptor function is via positive allosteric modulators (PAMs), which increase mGluR5 signaling only in the presence of endogenous glutamate. The use of orthosteric mGluR5 agonists has proved to be a less viable approach, as these ligands exhibit limited brain penetrance following systemic administration, poor selectivity for specific mGluR subtypes, and induce rapid desensitization of the receptor (Chen and Conn 2008; Krystal et al. 2010; Menniti et al. 2013; Niswender and Conn 2010) .
Results from several studies indicate that the mGluR5 PAM 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) reverses experimentally induced cognitive impairments in animal models of schizophrenia. Stefani and Moghaddam (2010) found that CDPPB at doses of 10 and 30 mg/kg attenuated dizocilpine-induced (MK-801) cognitive deficits in a T-maze-based set-shifting task. Clifton et al. (2013) found that acute administration of CDPPB and the mGluR5 PAM ADX47273 reversed phencyclidine (PCP) and MK-801-induced impairment in social novelty discrimination in adult rats, and when administered during adolescence, reversed early postnatal MK-801 and PCP-induced impairments. Alternatively, Horio and colleagues showed that when PCP was administered chronically, acute administration of CDPPB was unable to attenuate deficits in novel object recognition in mice; however, subchronic (14 days) of administration of CDPPB was effective in rescuing such impairments (Horio et al. 2013) . Uslaner et al. (2009) also showed that CDPPB was able to ameliorate MK-801-induced cognitive impairments in novel object recognition, and Vales et al. (2010) found that CDPPB was effective in attenuating MK-801-induced impairments in active allothetic place avoidance.
To our knowledge, only a few prior studies have examined the ability of mGluR5 PAMs to reverse pharmacologically induced cognitive deficits in an operant set-shifting paradigm (Darrah et al. 2008; Gastambide et al. 2012 Gastambide et al. , 2013 Gilmour et al. 2013) . Operant-based paradigms offer the advantage of modeling tasks used to assess cognitive flexibility and perseveration in humans, such as the Wisconsin Card Sorting Task (Franke et al. 1992; Goldberg et al. 1987; Joel et al. 1997; Silver et al. 2003) . In a study by Darrah et al. (2008) , rats were trained to respond for food reinforcement based on discrimination between two perceptual stimuli dimensions (spatial location of the nosepoke aperture and illumination of a stimulus light), and effects of CDPPB on MK-801-induced deficits in this task were examined. However, this study did not employ a delayed matching/non-matching-to-sample component, which increases working memory load and thus increases the difficulty of the task (Dudchenko 2004; Dudchenko et al. 2013) . In a study by Gilmour et al. (2013) , rats were trained to respond for food in a delayed nonmatching-to-position nosepoke paradigm, and the efficacy of the novel mGluR5 PAMs LSN2463359 and LSN2814617 on reversal of set-shifting performance deficits induced by the competitive (closed channel) NMDA receptor antagonist SDZ 220,581 were assessed. However, in this latter study, the efficacy of these mGluR5 PAMs against the effects of more widely used non-competitive (open channel) NMDA antagonists such as MK-801 were not assessed. In addition, both of these studies utilized acute dosing procedures which can lead to difficulty in interpretation of the potential antipsychotic and pro-cognitive effects of these ligands when administered daily in a clinical setting (Varvel et al. 2002; Hagan and Jones 2005) .
Therefore, the purpose of the present study was to assess the ability of CDPPB to reverse MK-801-induced cognitive deficits in an operant set-shifting task incorporating delayed matching/non-matching-to-sample procedures (Experiment 1). Chronic drug administration was utilized in order to more closely resemble daily intake patterns that are generally required for therapeutic purposes in humans. However, to control for the possibility that daily administration of CDPPB and/or MK-801 during the first phase of testing might have carryover effects on performance following task reversal, separate groups of animals received drug administration only during the post-reversal phase of the procedures (Experiment 2). Finally, many of the aforementioned studies have assessed the ability of CDPPB to reverse MK-801-induced cognitive deficits utilizing vastly different drug administration paradigms, with some studies administering the drugs simultaneously, and others administering MK-801 prior to CDPPB. Therefore, a tertiary purpose of the present study was to establish whether pretreatment with CDPPB prior to MK-801 would produce more robust effects on set-shifting ability deficits as compared with simultaneous administration.
Methods and materials

Subjects
Subjects were male Sprague-Dawley rats (Harlan Laboratories, Livermore, CA) weighing 250-300 g upon arrival. Rats were pair-housed throughout the duration of the study. The vivarium was held at a temperature of 22±1°C, and a 12-h reversed light/dark cycle (lights off 7 a.m.) was used. Animals had free access to water throughout the experiment except during behavioral testing. Rats were given food restricted to 80 % of their body weight, allowing them to free-feed for 1 h after each daily session. Food restriction was necessary since it has previously been demonstrated that MK-801 decreases the reinforcing properties of sucrose in free-feeding animals (Vardigan et al. 2010) , which would adversely affect task performance in the present study. In addition, food reinforcement was not used since it has previously been demonstrated that MK-801 can actually increase food intake and meal size under certain conditions (Burns and Ritter 1997; Treece et al. 2000; Gillespie et al. 2005) , thus confounding the use of food as a reinforcer in during behavioral testing. Animals were maintained in accordance with the guidelines described in the NIH Guide for the Care and Use of Laboratory Animals, and all procedures and facilities were approved by the Institutional Animal Care and Use Committee at Arizona State University.
Drugs
CDPPB was synthesized by Chemir Analytical Services (Maryland Heights, MO) according to published methods (Kinney et al. 2005 ) and suspended in a vehicle consisting of 10 % (v/v) Tween 80 (Sigma-Aldrich, St. Louis, MO). MK-801 was purchased from Sigma-Aldrich and dissolved in sterile saline (0.9 % (w/v) NaCl). Doses for CDPPB (20 mg/kg) and MK-801 (0.06 mg/kg) were based on previous studies (Ayala et al. 2009; Horio et al. 2013; Stefani and Moghaddam 2010; Uslaner et al. 2009 ) and pilot work performed in our laboratory. All drugs were administered via the subcutaneous (s.c.) route in a volume of 0.5 ml.
Delayed matching/non-matching to sample paradigm Delayed match-to-sample (DMS) or non-match-to-sample (DNMS) tasks were based on previously published procedures (Joel et al. 1997 ) and were conducted in daily sessions (approximately 45 min in length) consisting of 30 trials per session. Each trial was composed of three components: a sample component, choice component, and an inter-trial interval (ITI). At the beginning of each daily session, animals were placed into standard operant conditioning chambers (model ENV-007, Med Associates, St. Albans, VT) containing a house light, food receptacle, and two retractable levers. Each chamber was interfaced to a PC computer, and MED-PC IV software (Med Associates) was used to control experimental parameters and record responses. The house light was illuminated to signal the beginning of the first trial. During the sample component, either the left or right lever, designated the sample lever, was randomly inserted into the chamber. Pressing the sample lever resulted in delivery of a sucrose pellet reinforcer (45 mg, Test Diet, St. Louis, MO) and a 30-s delay. Following the delay, the choice component of the task commenced wherein both levers were inserted into the chamber. During the choice component, if the animal was assigned to the DMS condition as the initial task and pressed the same lever that was presented during the sample component, a sucrose pellet was delivered followed by a 30-s ITI. An incorrect lever press resulted in the house-light turning off and initiation of a 60-s time-out period. Alternatively, if the animal was assigned to the DNMS condition for the initial task and pressed the lever that was not presented during the sample component, a sucrose pellet was delivered followed by a 30-s ITI. To control for task-specific learning, half of the subjects in each group were assigned to the DMS condition as the initial task and the other half the DNMS. Animals were considered to have met acquisition criteria when they exhibited at least 80 % correct responses for four consecutive days and were allowed a maximum of 21 days of testing to meet this criteria. In the event animals reached this criteria prior to 21 days of testing, they continued in the same testing conditions through the 21st day of testing. Animals that did not reach the 80 % correct acquisition criteria by the 21st day of testing were removed from the study. On day 22 of testing, animals were switched from their previously assigned task to the opposite task (i.e., DNMS→DMS or DMS→DNMS) and subsequently tested for 21 additional days. Animals were then euthanized by anesthesia with isoflurane followed by decapitation and brain removal.
Testing procedures
In Experiment 1, animals were randomly assigned to one of the following four treatment groups and were treated 20 min prior to each daily session with the following drug combinations: vehicle/vehicle, vehicle/MK-801 (0.06 mg/kg) simultaneously, CDPPB (20 mg/kg)/MK-801 simultaneously, or CDPPB 30 min prior to MK-801. In order to control for the possibility that daily administration of CDPPB and/or MK-801 during the first phase of testing (prior to task reversal) might have carryover effects on performance following task reversal, Experiment 2 was conducted, in which separate groups of animals underwent similar initial testing, but received either vehicle/vehicle, vehicle/MK-801, or CDPPB 30 min prior to MK-801 only during the post-reversal phase of the procedures (days 22-42).
Data analyses
For each daily session, the proportion of correct responses (calculated as the total number of correct responses divided by the overall total number of responses) were analyzed using a mixed two-way ANOVA with Treatment as the betweensubjects factor and day (session) as the within-subjects factor. As initial analyses revealed no group differences during the acquisition of the initial task prior to task reversal for both Experiments 1 and 2, only data from sessions following task reversal were included in subsequent analyses. Multivariate ANOVAs were used to determine differences between specific treatment groups on each day of testing following task reversal. Statistical analyses were performed using Prism (version 5.00, GraphPad Software, La Jolla, CA) and SPSS (version 21.0, IBM, Armonk, NY). p values less than 0.05 were considered statistically significant for all tests.
Results
Each experimental group had an initial sample size of n=10 animals per group, half of which were initially assigned to the DMS condition and the other half to the DNMS condition. However, in Experiment 1, the following numbers of animals failed to meet acquisition criteria by the 21st day of the study and were therefore removed from the experiment: vehicle/ vehicle (n=2), vehicle/MK-801 (n=4), CDPPB/MK-801 simultaneously (n=3), and CDPPB 30 min prior to MK-801 (n=1). Therefore, the final group sizes were as follows: vehicle/vehicle (n=8), vehicle/MK-801 (n=6), CDPPB/MK-801 simultaneously (n=7), and CDPPB 30 min prior to MK-801 (n=9). There were no apparent group biases in failure to acquire the task, such that roughly equal numbers of animals in each group acquired the initial DMS or DNMS task. In Experiment 2, all ten animals per group reached acquisition criteria during the initial phase of the experiment.
Data from all four treatment groups in Experiment 1 are shown in Fig. 1a . For ease of visualization of intergroup comparisons, data from various treatment groups in Fig. 1a are re-plotted in Fig. 1b, c . No group differences were observed during the initial task acquisition (days 1-21; all pvalues >0.05). Following task reversal (days 22-42), a mixed two-way ANOVA revealed significant effects of treatment (F 3, 26 =5.21, p<0.01), day (F 20, 520 =170.95, p<0.001) and a treatment×day interaction (F 60, 520 =2.04, p<0.001). Post hoc analysis revealed that animals in the vehicle/MK-801 group exhibited a significant decrease in proportion of correct responding as compared with the vehicle/vehicle group on days 29-35, 37, and 39-41 (all p values <0.05), indicating that MK-801 induced a significant impairment in set-shifting ability (Fig. 1b) . Animals pre-treated with CDPPB 30 min prior to MK-801 (CDPPB 30 min/MK-801, Fig. 1c) showed a significantly increased proportion of correct responding as compared with animals treated with vehicle/MK-801 group on days 29-35, 37, and 39-41 (all p values <0.05), indicating a reversal of MK-801-induced deficits. Furthermore, pretreatment with CDPPB prior to MK-801 resulted in performance equivalent to vehicle/vehicle-treated rats (all p values >0.05, see Fig. 1a ). However, simultaneous treatment with CDPPB and MK-801 produced only partial attenuation of MK-801-induced deficits in set-shifting ability, as compared with the vehicle/MK-801 group (Fig. 1a) , as evidenced by a significantly increased proportion of correct responding only on day 33 (p<0.05), and a trend towards significant differences on days 31, 34, and 41 (p=0.08, 0.07, and 0.06, respectively).
In Experiment 2, no group differences were observed the acquisition of the initial task (all p values >0.05, data not shown). Following task reversal (Fig. 2) , a mixed two-way ANOVA revealed a significant effect of day (F 20, 567 =70.87, p<0.001), but no significant effects of treatment (p>0.05) or a treatment×day interaction (p>0.05). These results suggest that MK-801 does not induce impairments in set-shifting ability when treatment is initiated following task reversal and that are no significant effects of CDPPB on set-shifting ability.
Discussion
In this study, we demonstrated that pharmacological blockade of NMDA receptors with MK-801 produced deficits in a delayed matching/non-matching-to-sample operant setshifting task, and these effects were reversed when the mGluR5 PAM CDPPB was administered 30 min prior to, but not simultaneously with, MK-801. While other studies have reported similar positive effects of mGluR5 PAMs on the reversal of deficits in operant set-shifting paradigms induced by NMDA receptor antagonists (Darrah et al. 2008; Gilmour et al. 2013) , it should be emphasized that the current study, as well as that conducted by Gastambide et al. (2013) , employed a delayed matching/non-matching-to-sample component, which increases working memory load and can be considered to be of increased translational value in the assessment of the efficacy of novel antipsychotic medications (Dudchenko 2004; Dudchenko et al. 2013 ). In addition, most other studies (summarized below) examining mGluR5 PAM-induced reversal of the cognitive impairing effects of MK-801 have used either acute or subchronic dosing regimens, whereas in the present study animals received pharmacological treatments either throughout the course of the study (Experiment 1) or only during the post-reversal phase (Experiment 2). As suggested by others (Varvel et al. 2002; Hagan and Jones 2005) , we assert that chronic dosing regimens such as those used in the present study have a higher translational value for assessing the efficacy of novel cognition-enhancing or antipsychotic medications, which would most likely require daily dosing in humans.
The ability of CDPPB to reverse MK-801-induced deficits in set-shifting ability is consistent with other findings indicating reversal of pharmacologically induced cognitive effects of mGluR5 PAMs using non-delay-based operant tasks (Darrah et al. 2008; Gilmour et al. 2013) ; spatial alternation tasks (Stefani and Moghaddam 2010; Fowler et al. 2013) ; reversal learning digging paradigms (Gastambide et al. 2012 ) social novelty discrimination (Clifton et al. 2013) ; novel object recognition (Horio et al. 2013; Reichel et al. 2011; Uslaner et al. 2009 ); and active allothetic place avoidance (Vales et al. 2010) . mGluR5 PAMs have also been shown to reverse MK-801-induced impairments in sucrose preference (Vardigan et al. 2010) , taste aversion and inhibitory avoidance tasks (Fowler et al. 2011) , and alterations in prefrontal cortex neuronal firing patterns (Lecourtier et al. 2007; Moghaddam 2008, 2010) . In unimpaired animals, mGluR5 PAMs have been shown to improve spatial and recognition memory abilities (Ayala et al. 2009; Balschun et al. 2006; Uslaner et al. 2009 ). Thus, mGluR5 PAMs appear to be a promising class of cognition-enhancing agents, although recent reports of neurotoxicity induced by high-dose exposure Fig. 2 Post-task reversal performance in the operant DMS/DNMS setshifting task for all three treatment groups in Experiment 2: vehicle/ vehicle, vehicle/MK-801, and CDPPB 30 min/MK-801. Task reversal occurred on day 22. As in Experiment 1, no group differences in the initial task acquisition were observed (data not shown). All data values represent mean ± SEM. n=10 animals per group to these compounds requires further investigation (Parmentier-Batteur et al. 2014) .
The more robust efficacy of CDPPB pretreatment 30 min prior to MK-801 as compared with simultaneous administration of these two ligands is likely attributable to one or more factors. One possibility is that CDPPB may be slower to enter the brain than MK-801. In support of this, Kinney et al. (2005) demonstrated that acute CDPPB administration produces a brain-to-plasma area under the curve (AUC) ratio of 1.7, while Vezzani et al. (1989) showed that MK-801 produces a brainto-plasma AUC of 12.5, suggesting significantly improved brain penetration of MK-801 vs. CDPPB. Another possibility is that CDPPB is less able to reverse the cognitive effects of MK-801 when this latter ligand is already bound to the NMDA receptor. This latter possibility may seem unlikely in light of findings by Stefani and Moghaddam (2010) , which showed that treatment of rodents with similar doses of MK-801 prior to CDPPB prevented MK-801-induced deficits on cognitive set-shifting ability in a spatial plus maze task. However, in this study, both drugs were administered acutely rather than chronically as in the present study, and thus the order of ligand administration may become more important when these ligands are given repeatedly. Another possible explanation for the improved efficacy of CDPPB when administered 30 min prior to MK-801, as opposed to simultaneously may lie within the mechanism of action of MK-801. As MK-801 is a non-competitive (open channel) NMDA receptor antagonist, prior potentiation of mGluR5 receptor function by CDPPB would result in increased probability of NMDA receptor channel opening (Zito and Scheuss 2009) , thus providing increased access of MK-801 to the channel pore. In theory, this phenomenon would be less likely to occur without prior activation of mGluR5 receptors. Clearly, additional studies would be needed to confirm this or any of the other aforementioned possibilities.
Worthy of discussion is the fact that recent findings suggest that there are different functional classes of mGluR5 PAMs that can exert differential effects on mGluR5 receptor function and the ability to reverse cognitive or behavioral deficits induced by NMDA receptor antagonists. For example, it has been reported that newer mGluR5 PAMs such as LSN2463359 and LSN2814617 are able to reverse decrements in instrumental responding for food as well as reversal learning delayed match-to-position food seeking tasks induced by the competitive (closed channel) NMDA receptor antagonist SDZ 220,581 (Gastambide et al. 2012; Gilmour et al. 2013) . Surprisingly, however, LSN2463359 failed to reverse performance decrements in these tasks induced by the non-competitive (open channel) NMDA receptor antagonists MK-801 and PCP (Gastambide et al. 2012 . However, it should be noted that these studies only evaluated the acute effects of these mGluR5 PAMs. Ligand binding and pharmacokinetic experiments in these studies revealed very different profiles of these newer mGluR5 PAMs as compared with CDPPB, such that increased brain penetrance and receptor affinity, and binding to an allosteric site on the mGluR5 receptor different from that of CDPPB. Importantly, it has been suggested that mGluR5 PAMs acting on separate allosteric binding sites on the receptor recruit different signal transduction mechanisms, with some allosteric sites inducing increased intracellular calcium mobilization as compared with activation of extracellular signal-related kinase 1/2 (ERK1/2), and vice versa (Zhang et al. 2005) . These different binding profiles and subsequent engagement of different cellular signaling mechanisms may ultimately influence their ability to indirectly potentiate NMDA receptor function when the receptor is in an open or closed state. Thus, the ability of mGluR5 PAMs to attenuate or reverse cognitive or behavioral impairments induced by NMDA receptor blockade may be highly dependent on the molecular profile of each ligand used, as well as the dosing regimen and behavioral paradigm employed. Future studies are needed to determine the precise cellular signaling mechanisms underlying the effects observed in the present study.
Finally, another finding from the present study is that MK-801 does not induce impairments in set-shifting ability when MK-801 treatment is initiated following task reversal. These observations are consistent with various bodies of literature suggesting that impaired NMDA receptor function at low to moderate doses does not lead to deficits in initial task learning (Chadman et al. 2006; Harder et al. 1998; Murray et al. 1995; Palencia and Ragozzino 2004; van der Meulen et al. 2003; van der Staay et al. 2011; Wozniak et al. 1990 ) but appears to have more deleterious effects on set-shifting which result in behavioral and cognitive perseveration (Braff et al. (1991) ; Egerton et al. 2005; Franke et al. 1992; Goldberg et al. 1987; Green et al. 2004; Silver et al. 2003) . However, it could be argued that in Experiment 1 of the present study, the behavioral effects of CDPPB and/or MK-801 following task reversal could have been a result of accumulation of either drug during chronic drug administration prior to task reversal. The plasma elimination half-lives of CDPPB and MK-801 in rats are approximately 4 and 2 h, respectively (Kinney et al. 2005; Vezzani et al. 1989) , and with chronic administration such an accumulation could indeed occur. However, several observations in the present study argue against this possibility. First, should any behavioral effects of CDPPB have carried over from the pre-to the post-reversal phase, these effects would likely have been observed in both the CDPPB/MK-801 and CDPPB 30 min/MK-801. However, this was not the case, as Experiment 1 demonstrated a reversal of the effects of MK-801 only in animals receiving CDPPB 30 min prior to MK-801 (Fig. 1a) . In addition, initiation of all drug treatments following task reversal (Fig. 2) did not produce any deficits in acquiring the new task, suggesting a lack of carryover effects of MK-801 from the first phase of the experiment to the second phase. Finally, it has previously been demonstrated that long-term cognitive impairing effects of chronically administered MK-801 are predominantly observed at high doses (i.e., 0.2 mg/kg; Li et al. 2011) and not at the dose used in the present study (0.06 mg/kg). Taken together, these observations suggest that the ability of MK-801 to induce deficits in set-shifting ability, and its reversal by pretreatment with CDPPB, are mediated by continued drug administration following task reversal.
In summary, the present study lends further support to the notion that potentiation of mGluR5 function may be a novel therapeutic approach to improving cognitive deficits involving NMDA hypofunction, especially those involving higher working memory loads (Krystal et al. 2010; Niswender and Conn 2010; Menniti et al. 2013; Snyder and Gao 2013) . Our findings also support previous findings that low to moderate doses of MK-801 selectively impair reversal learning and behavioral perseveration but do not impair initial task learning. This is consistent with the clinical literature where studies have shown that patients with schizophrenia or otherwise impaired prefrontal function are able to learn an initial cognitive task, but set-shifting ability and perseveration following a change in response contingency requirements is dramatically impaired (Braff et al. 1991; Egerton et al. 2005; Franke et al. 1992; Goldberg et al. 1987; Green et al. 2004; Silver et al. 2003) . The present study also identifies the necessity of pretreatment with an mGluR5 PAM prior to administration of a non-competitive NMDA antagonist under chronic dosing conditions. Future studies examining the precise cellular signaling mechanisms downstream of mGluR5 receptor potentiation in producing the pro-cognitive effects are needed. Additional studies are also needed to explore ability of novel mGluR5 PAMs that have improved brain penetrance and receptor affinity to reverse cognitive deficits induced by closed channel NMDA antagonists, as well as in other genetic or neurodevelopmental models of cognitive dysfunction. In addition, future studies should also employ additional behavioral paradigms that assess other cognitive domains such as spatial memory, attention, and sensorimotor gating.
